B
cell-deficient mice have served widely as tools to assess the contribution of B cells to protective responses against infections with viruses, bacteria, and parasites. By using genetargeting techniques, mice lacking all peripheral mature B cells have been created by two approaches: the disruption of the gene encoding the membrane-spanning exon of the -heavy chain (1) ( Ϫ/Ϫ ), and the disruption of the J H variable region of the Ig heavy chain (2) . Both mutations cause an arrest of B cell development at the proB cell stage because of the inability of B cells to express Ig -heavy chains and form functional preB cell receptor complexes. Presumably, the ensuing lack of positive signaling through the membrane preB receptor complex leads to the death of the proB cells (3, 4) .
B cell-deficient ( Ϫ/Ϫ ) mice have been used also as recipients in B cell transfer studies (5, 6) . They seem to be ideal recipients for such studies because, in contrast to RAG-1 Ϫ/Ϫ and severe combined immunodeficient mice, they are depleted for B cells but have roughly normal numbers of CD4 ϩ and CD8 ϩ T cells (refs.1 and 2; N. Baumgarth, unpublished results) . In principle, they should have adequate biological ''space'' for B cells in the periphery and should be readily reconstituted by B cell sources. In the past, selective depletion of B cells has been achieved by chronic administration of anti-IgM antibody (7) . Transfers of allotype-mismatched (IgMϩ CD5ϩ) B-1 cells shortly after birth into allotypespecific anti-IgM antibody-treated mice demonstrated that B-1 cells can expand and replenish the B-1 cell compartments of peritoneal cavity and spleen for the life of the animal (8 -14) . Antibody-treatment before cell transfer is necessary to deplete all host B-1 cells, because these cells act via a not yet fully defined negative feedback mechanism to inhibit replenishment of the recipient with the donor B-1 cells (12) . Thus, because transfers of B-1 cells into B cell-deficient animals made in such a way always fully and permanently reconstitute B-1 cells (8 -14) , there is strong reason to expect that transfers of adult peritoneal B-1 cells to Ϫ/Ϫ mice would also result in the complete and permanent reconstitution of B-1 cells in the recipients.
Surprisingly, therefore, we report in this study that the transfer of B-1 cells into adult Ϫ/Ϫ mice does not result in reconstitution of the B-1 cell compartment. Furthermore, we show that this reconstitution failure is because of the presence of strongly inhibitory CD4 ϩ T cells that not only inhibit B-1 cell reconstitution, but also block the accumulation of long-lived recirculating mature B-2 cells. Finally, we show that transfer of B-1 cells to neonatal, rather than adult, Ϫ/Ϫ mice successfully reconstitutes the B-1 cell compartments and thus conclude that the presence of B cells during the neonatal period enables the development of a normal adult T-cell population that permits B cell maturation to occur. Cell Preparation. Single-cell suspensions of spleens and lymph nodes were prepared according to standard methods and erythrocytes were lysed with 0.14 M NH 4 Cl͞20 mM Tris (pH 7.4). Single-cell suspensions of PerC and bone marrow from the femur and tibia were prepared by flushing peritoneal cavity and bone marrow cavities with staining medium (biotin-and flavindeficient RPMI medium 1640, supplemented with 4% newborn calf serum). *To whom reprint requests should be addressed. E-mail: Baumgarth@Stanford.edu.
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cade Yellow or Cascade Blue (GK1.5); CD8 Cascade Yellow or Cascade Blue (53.6.7); macrophage Cascade Yellow or Cascade Blue (F4͞80). Streptavidin-Cy5-PE was used as a second-step reagent. Noncommercial conjugates and tandem dyes were prepared as outlined (15) (16) (17) . The novel fluorochrome Cy5.5-APC was prepared and conjugated to the anti-CD19 mAb similar to the method described for Cy7-APC (17) . Propidium iodide was added at 0.25 g͞ml. Cells were assayed with a modified triple laser Cytomation͞Becton Dickinson hybrid FACS, described in refs. 18 and 19 , and data were analyzed with the F LOWJO software (Treestar, San Carlos, CA).
For FACS-sort of CD3 ϩ , CD4 ϩ , and CD8 ϩ lymph node cells, cell suspensions were stained with anti-CD3 Cy5-PE, anti-CD4 FITC, and anti-CD8 PE and sorted on a FACStar Plus (Becton Dickinson) instrument. Cells were reanalyzed immediately after sort and purities were Ͼ96%.
ELISA. The serum concentrations of a-and b-allotype IgM were determined as described (14) .
Statistical Analysis. Statistical significance was tested with the nonparametric Wilcoxon͞Kruskal Wallis Rank Test, or when appropriate, with the two-tailed Student's t test. Consistent with these FACS data, Ϫ/Ϫ recipients lacked serum IgM, whereas the PerC donor-derived serum IgM levels in the other recipients were comparable to the levels of control C57͞ Igh a mice (Table 1) recipients than in C57BL͞6 recipients (Fig. 2) . Interestingly, reconstitution of the spleen and peritoneal cavity of these recipients with bone marrow-derived (Igh b ) B cells was similarly influenced (Fig. 2) . Consistent with reconstitution data observed by FACS, PerC donor-derived serum IgM a was present in all recipients, including Ϫ/Ϫ mice (Table 2) . Thus, the inhibition of B-1 cell replenishment in the Ϫ/Ϫ mice is caused by a mechanism that can be overcome in most part by irradiation and is not mediated by cells present in Ϫ/Ϫ bone marrow. (Fig. 3) or C57BL͞6 mice (data not shown). Transfers into both types of recipients yielded similar results.
Results

Lack
T-Cell Cotransfer Studies to Test for T-Cell
Fig . 3A illustrates the FACS analysis strategy used to determine the influence of cotransferred T cells on B cell replenishment in PerC. B-1 and B-2 cells were identified by their differential expression of CD5 and CD43 and the difference in their levels of IgM and IgD expression. Additional staining for CD23, CD11b (MAC-1), B220, and allotype-specific staining for IgM and IgD confirmed that these cells were derived from the PerC and bone marrow donor, respectively (data not shown). In (Fig. 3B) (Fig. 3 A and B) . Moreover, no PerC donor-derived serum IgM a was detected in these recipients (Fig. 3C ). This is in contrast to mice that received the same B cell sources but did not receive T cells, mice that received CD4 ϩ or CD8 ϩ T cells from C57BL͞6 mice, or mice that received CD8
mice. In all of these recipients, substantial numbers of B-1 cells were found both in the peritoneal cavity and the spleen, and sera from all mice had substantial levels of serum IgM a (Fig. 3C) . Thus, we conclude that the CD4 T cells from (Fig. 3) . The most dramatic effects were seen in the peritoneal cavity of these mice, where similar to the B (Fig. 3C) . As in the B-1 cell reconstitution data, mice that did not receive CD4 (Fig. 4) . When the PerC cell transfer was done within a few days after birth, substantial numbers of B-1 cells were found in are not present at birth and emerge slowly as the animal develops, but only in the absence of mature B cells.
Discussion
Early studies using chronic treatment with anti-IgM to deplete B cells, and two recent studies with Ϫ/Ϫ mice, collectively support the notion that the presence of B cells is necessary for the normal functional development of T cells (20) (21) (22) (23) (24) (25) (26) (27) . The earlier work suggests that certain T cells necessary for antibody production are absent from anti-IgM-treated mice, whereas the two most recent studies demonstrate the inability of T cells from Ϫ/Ϫ mice to produce normal levels of various cytokines in response to infection with lymphocytic choriomeningitis virus (21) and to protein immunization (20) . The data presented here demonstrate that a CD4 ϩ T-cell population in adult Ϫ/Ϫ mice is capable of inhibiting the development of all mature B cell pools. In cotransfer studies, CD4 ϩ but not CD8 ϩ T cells from these mice act to block both B-2 and B-1 cell reconstitution even 2 months after transfer whereas similarly cotransferred CD4 ϩ T cells from normal mice do not impair B cell accumulation. The Table 2 ) 2-3 months after cell transfer. Identification of B-1 and B-2 cells was done by FACS (Fig. 3A) . presence of these T cells in adult (Fig. 4) .
Thus, the first 3 weeks of life, during which phenotypically normal adult populations of CD4 ϩ and CD8
ϩ ␣␤ T cells develop, also emerges as a crucial period during which the T-cell compartment is conditioned to permit normal B cell development. In essence, the absence of B cells in Ϫ/Ϫ mice during this period results in the development of an abnormal T-cell population that dramatically impairs development of all mature B cell pools in adoptive recipients. These findings suggest that B-1 cells may have an important role to play during ontogeny. B-1 cells are present early in development, before the first mature thymus-derived T cells appear in the periphery (9, 28, 29) . Furthermore, although B-1 cells are rarely found in lymph nodes, they are present in the thymus of newborn and adult mice (30) . Thus, by acting to ensure normal functional T-cell development during the neonatal period, before the first wave of bone marrow-derived B cells accumulate in the periphery, B-1 cells enable normal antibody production by their own progeny and by B-2 cells that provide the bulk of the adaptive immune response (14) .
The mice might deliver an inhibitory or death signal to the cells so that no mature B cells accumulate in the periphery. The CD95͞ CD95L pathway, which is known to play a role during cognate CD4 ϩ T cell-B cell interaction (32, 33) , is a possible death pathway for such a direct interaction.
Although all of these mechanisms are reasonable, we find no evidence for nonself recognition of B cells by Ϫ/Ϫ T cells. Because early B cell precursors are present in the Ϫ/Ϫ mice, the T cells in these mice should be tolerant to all B cell proteins that are expressed until the proB cell stage. The expression and recognition of novel self-antigens such as the pre-B cell receptor would be expected to lead to a deletion of B cells at an early stage of development; however, we find mature B cells in the periphery, although in greatly reduced numbers, and we find relatively normal numbers of immature B cells (N.B. , G.C.J., O.C.H., and L.A.H., unpublished work). Second, B cell deletion because of nonself recognition would be expected to be mediated also by cytolytic CD8 ϩ T cells, because B cells continuously express self-antigens via their MHC class I molecules; however, the inhibition of B cell development that we observe is mediated by cotransferred CD4 ϩ T cells, and not by cotransferred CD8 ϩ T cells. Finally, we have found that coculturing T cells from (31) . Therefore, we conclude that CD4 ϩ T cells from Ϫ/Ϫ mice actively inhibit the expansion of bone marrow and PerC-derived mature B cells rather than lack the ability to provide a positive signal(s).
In conclusion, our findings have important implications for both T-and B cell development. In essence, they demonstrate that the presence of B-1 cells early in ontogeny might be a necessary first step to enable the conditioning of the developing CD4 ϩ T cells, so that these T cells can permit or even regulate the size of the peripheral B cell pools. (Fig.3A) . Means Ϯ SE of B-1 cells recovered 2-3 months after cell transfer or end of antibody treatment are shown. Serum IgM a levels (means Ϯ SE) were measured by ELISA.
